Infectious complications, particularly viral infections, remain a significant cause of morbidity and mortality after allogeneic hematopoietic cell transplantation (alloHCT). Only a handful of studies in children have analyzed the risks for and impact of viremia on alloHCT-related outcomes. We conducted a retrospective study of 140 pediatric patients undergoing alloHCT to investigate the incidence of and risk factors for cytomegalovirus (CMV), adenovirus (ADV), and Epstein-Barr virus (EBV) viremia and viral disease after alloHCT. Furthermore, we assessed the impact of viremia on days of hospitalization and develop an algorithm for routine monitoring of viremia. Patients were monitored before alloHCT and then weekly for 180 days after alloHCT. Patients were considered to have viremia if CMV were > 600 copies/mL, EBV were > 1000 copies/mL, or ADV were > 1000 copies/mL on 2 consecutive PCRs. The overall incidences of viremia and viral disease in all patients from day 0 to +180 after alloHCT were 41.4% (n = 58) and 17% (n = 24), respectively. The overall survival for patients with viremia and viral disease was significantly lower compared with those without viremia (58% versus 74.2%, P = .03) and viral disease (48.2% versus 71.2%, P = .024). We identified that pretransplantation CMV risk status, pre-alloHCT viremia, and use of alemtuzumab were associated with the risk of post-alloHCT viremia. The average hospitalization days in patients with CMV risk (P = .011), viremia (P = .024), and viral disease (P = .002) were significantly higher. The algorithm developed from our data can potentially reduce viral PCR testing by 50% and is being studied prospectively at our center. Improved preventative treatment strategies for children at risk of viremia after alloHCT are needed.
INTRODUCTION
Over the past 4 decades, allogeneic (allo) hematopoietic cell transplantation (HCT) has provided a curative treatment option for pediatric patients with both malignant and nonmalignant diseases [1, 2] . In alloHCT recipients, advances in methods of donor selection, graft-versus-host disease (GVHD) management, and molecular monitoring for infectious organisms have resulted in improved overall survival (OS) [3] [4] [5] [6] [7] . Despite these advances, infectious complications, particularly viral infections, remain a significant cause of morbidity and mortality after alloHCT. Because of a period of prolonged immune suppression after alloHCT, patients undergoing alloHCT are at high risk for infection with cytomegalovirus (CMV), Epstein-Barr virus (EBV), and adenovirus (ADV) [8] .
After alloHCT, early treatment with antiviral medications in a patient with rising viral copies has reduced the risk of morbidity and mortality associated with viral infections, most notably, with CMV [7, 9, 10] . Although pre-emptive treatment with i.v. ganciclovir has been shown to decrease the cumulative incidence of CMV disease [11, 12] , pre-emptive treatment of ADV and EBV is not well established [13] . There are currently no well-established guidelines for the frequency of viral monitoring in children after alloHCT. Only a handful of studies in children have analyzed the risks for and impact of viremia on alloHCT-related outcomes [8, 14] . Pretransplantation CMV serostatus is an important risk factor for the development of CMV viremia. In patients who are seropositive before transplantation, the incidence of CMV viremia approaches 70% [15] .
Ex vivo T cell depletion and T cell-depleting agents such as alemtuzumab or antithymocyte globulin (ATG) are used for the prevention of GVHD and graft rejection but carry an increased risk of viral infection because of the resultant delay in immune reconstitution [16, 17] . transplantation between 2008 and 2014. For this analysis, eligible patients were identified from a transplantation database and clinical data were collected from the electronic medical record. This study was approved by the institutional review board of the Columbia University Medical Center.
Conditioning Regimens
The myeloablative conditioning regimen consisted of either total body irradiation (12 Gray) plus 1 or 2 high-dose alkylators or busulfan (12.8 mg/kg-16 mg/kg) plus 1 high-dose alkylator. Reduced-toxicity regimens consisted of busulfan (12.8 mg/kg-16 mg/kg) or cyclophosphamide (200 mg/kg) plus fludarabine. Reduced-intensity regimens contained busulfan (6.4 mg/kg-8 mg/kg) or melphalan (140 mg/m 2 ) plus fludarabine. Serotherapy consisted of alemtuzumab (54 mg/m 2 ) or ATG (8 mg/kg) [3] .
GVHD Prophylaxis and Grading
Acute GVHD (aGVHD) prophylaxis in the majority of patients consisted of tacrolimus and mycophenolate mofetil, as previously described [18, 19] . Tacrolimus and/or mycophenolate mofetil were tapered if patients had ≤grade II aGVHD on day +30 for those with malignant diseases and on day +180 for those with nonmalignant diseases [18, 19] . Grading of aGVHD was per established criteria by Glucksberg et al. [20] .
Post-alloHCT Viral Prophylaxis
Patients at risk for CMV received acyclovir prophylaxis, which was continued until the following criteria were met: absolute neutrophil count (ANC) > .75 × 10 9 /L × 2 days and < grade II mucositis. When these criteria were met, patients were transitioned to ganciclovir/ foscarnet or valganciclovir daily until day +100, as previously published [21] .
Viral Monitoring and Treatment of Viremia
In 2008, our center created a standard operating procedure for prospective quantitative PCR monitoring for CMV, EBV, and ADV. Patients were monitored at least once within 4 weeks before the start of conditioning regimen and then weekly for 180 days after alloHCT. CMV PCR was performed in house as per protocol established by Roche Diagnostic (Indianapolis, IN) and EBV and ADV PCR were performed by Viracor (Lee, Summit, MO). Patients with a positive CMV PCR after HCT were treated with induction ganciclovir for 2 weeks (or until PCR negative), followed by maintenance ganciclovir or foscarnet for at least 4 weeks. Foscarnet was administered in a few patients with severe neutropenia and a few patients with increasing CMV copy number on ganciclovir treatment. Foscarnet was started at 90 mg/kg twice a day and the dose was adjusted based on creatinine clearance. Patients with ADV viremia were treated with cidofovir (5 mg/kg/dose once a week). When the viral copy number started to decline by a log, cidofovir was administered every 2 weeks. The dose and duration of cidofovir were titrated based on renal functions and viral load. Those with EBV viremia received rituximab (375 mg/m 2 ) for 2 to 4 weeks and were tapered off immune suppression as tolerated.
Definitions
CMV risk-Patients were considered to have a positive CMV risk status if either donor or recipient or both were CMV IgG positive before transplantation.
Viremia-Patients were considered to have viremia if CMV, EBV, ADV copies/mL were > 600, > 1000, and > 1000, respectively, on 2 consecutive PCRs. The cutoff for positivity for EBV and ADV were PCR levels above these thresholds of detection. This was similar to cutoffs used in published studies [16, 22] . Post-transplantation viremia was defined as very early (day 0-14), early viremia (day 15-98), and late viremia (day 99-180). Resolution of viremia was defined as negative PCR testing for ≥ 2 weeks. Viral disease-Definitions for CMV disease and ADV disease are those as previously described by Ljungman et al. [23] [24] [25] . A diagnosis of CMV/EBV/ADV disease required the presence of signs or symptoms of viral disease and radiological findings suggestive of viral infection along with 1 of the following: (1) detection of CMV/EBV/ADV in bronchoalveolar fluid, cerebrospinal fluid, or urine or tissue samples such as lung, gastrointestinal, liver, or lymph node biopsy, or (2) rising viral loads in patient unable to tolerate invasive procedures.
Hematopoietic recovery-Neutrophil engraftment was defined as the first day of 3 consecutive ANC greater than .5 × 10 9 /L. Absolute lymphocyte count is the product of the white blood cell count (cells/L) and the fraction of lymphocytes. Primary graft failure was defined as failure to achieve a donor-derived ANC > .5 × 10 9 /L by day +42. All patients who received stem cell boost because of impending graft failure after achieving neutrophil engraftment were considered to have secondary graft failure.
OS-OS analysis included patients who were alive with or without their original disease.
Statistical Analyses
Continuous variables were summarized as mean ± standard deviation and categorical variables were summarized as percentages. The comparisons between 2 groups were done by either t-test or Wilcoxon rank-sum test for continuous variables and by either chi-squared test or Fisher's exact test for categorical variables. P values ≤ .05 were considered significant. Univariate and multivariate Cox proportional hazards regression analysis and Fine and Gray's competing risks regression analysis were carried to examine risk factors associated viremia, viral disease, and OS. In univariate analysis for viremia, viral disease and OS, risk factors analyzed included age, sex, stem cell source, disease type, CMV risk status, conditioning regimen, use of alemtuzumab or rabbit-ATG (r-ATG), grade II to IV aGVHD, ANC, and absolute lymphocyte count at day +30. The covariates with a P value of ≤ .10 in the univariate analysis were included in the multivariate analysis. Statistical calculations were carried out in SAS 9.3 (Cary, NC).
RESULTS
A summary of the key demographics and clinical characteristics of the patient population is given in Table 1 .
Kinetics and Clearance of Viremia
Of the 58 patients who developed viremia, the majority developed viremia before day 100 after transplantation; more specifically, only 3 patients had their first viral PCR become positive past day 100 ( Table 2 ). All 3 cases of viremia were related EBV. Two patients who received matched sibling donor alloHCT for severe aplastic anemia, conditioned with r-ATG, developed post-transplantation lymphoproliferative disease (PTLD) and 1 patient had EBV viremia and secondary hemophagocytic lymphohistiocytosis. This patient had an EBVrelated Hodgkin lymphoma secondary to an inducible interleukin-2 tyrosine kinase mutation.
The mean times to resolution of viremia seen in our patient population were 5.8 weeks (range, 1 to 19) for CMV, 2 weeks (range, 1 to 7) for EBV, and 6.8 weeks (range, 1 to 16) for ADV.
Pretransplantation Viremia
The incidence of viremia before alloHCT was 6.4% (CMV, n = 2; EBV, n = 5; ADV, n = 2). In these patients, the indications for alloHCT were primary or secondary refractory hemophagocytic lymphohistiocytosis (n = 7), relapsed Burkitt lymphoma (n = 1), and relapsed T cell acute lymphoblastic leukemia (n = 1). Of these 9 patients, 5 did not clear their viremia before their transplantation and were included in the viremia incidence in first 100 days.
Viremia
The overall incidence of viremia in all patients from day 0 to +180 after alloHCT was 41.4% (n = 58) ( Table 3) . CMV viremia was detected in 21.4% of patients (n = 30), ADV viremia in 11.4% (n = 16), and EBV viremia in 10% (n = 14). The median time to onset for CMV viremia was 33 days (range, 5 to 89 days). For ADV, the time to onset was 40 days (range, 8 to 96 days), and for EBV, the time to onset was 55 days (range, 20 to 180 days). The incidence of multiple viremia, defined as PCR positivity for ≥ 2 viruses, was 14.3% (n = 20).
All patients who developed CMV viremia had a positive pretransplantation CMV risk status. The majority of viremia seen was in the early period (from day +14 to +98), where 36% of all patients in our cohort had a PCR positivity for at least 1 virus.
The incidence of viremia in patients conditioned without serotherapy was 20% (n =5 of 25) and the incidence of viremia in patients receiving serotherapy was 48% (n = 55 of 115).
Viral Disease
Twenty-four of 140 patients developed viral disease (17%). The most common form of viral disease was CMV pneumonitis (8 of 24, 33%) followed by EBV PTLD (7 of 24, 29%) and ADV pneumonitis (4 of 24, 17%). Among patients with viral disease, 17 of 24 (71%) received alemtuzumab and 7 of 24 (29%) received r-ATG. The incidence of viral disease in patients who did not receive serotherapy was 0.
ADV (pneumonitis, n = 4; hemorrhagic cystitis, n = 1), and 57% (n = 8 of 14) with EBV (PTLD, n = 7 and pneumonitis, n = 1). In patients with ADV pneumonitis 75% (n = 3 of 4) died and 37% (n = 3 of 8) patients with CMV pneumonitis died. There was no significant difference in the pneumonia occurrence between patients with CMV and the patients with ADV (P = 1.00).
Alemtuzumab-Associated Viremia and Viral Disease
Seventy-five patients received alemtuzumab as part of their conditioning regimen and the overall incidence of viremia in those patients was 50%. Fourteen of these patients developed 1 or more viremia after transplantation. There were a total of 47 of 75 patients who were at risk of CMV before transplantation and received alemtuzumab. Among those 47 patients, 30 (63.8%) had viremia. The overall incidence of viral disease was 22.7%.
OS
One-year OS in our cohort was 77.65% (SE = 3.55%). The OS for the entire study period for patients with viremia was significantly lower compared with the OS in those without viremia (58% [SE = 6.86%] versus 74.2% [SE = 5.25%], P =.03) ( Figure 1) . Similarly, the OS in those who developed viral disease was inferior to those who did not develop viral disease (48.2% [SE = 10.7%] versus 71.2% [SE = 4.59%], P = .024) ( Figure 1 ). Poor OS was associated with pre-alloHCT viremia (P = .001) and development of viral disease (P = .04) on multivariate analysis ( Table 4 ). The OS was higher for patients with CMV viremia than for those with ADV or EBV viremia ( Figure 2 ).
Risk Factors for Viremia and Viral Disease
All 3 viral infections were combined for univariate and multivariate Cox proportional regression analyses for risk factors associated with viremia ( Table 5) . On multivariate analysis, risk factors associated with viremia included pretransplantation CMV risk status (hazard ratio [HR], 2.005; 95% confidence interval [CI], 1.078 to 3.726; P =.02), patients with pre-alloHCT viremia (HR, 3.748; 95% CI, 1.733 to 8.107; P = .0008), and conditioning with alemtuzumab (HR, 1.693; 95% CI, .987 to 2.904; P = .05). The single significant risk factor associated with development of post-transplantation viral disease in multivariate analysis (HR, 7.442; 95% CI, 1.569 to 35.23; P = .01) was pre-alloHCT viremia.
In the subset of patients who received alemtuzumab (n = 75), CMV risk status was significantly associated with post-transplantation overall viremia on multivariate analysis (point estimate, 2.851; 95% CI, 1.182 to 6.875; P = .002) ( Table 6 ).
Multivariate analysis of risk factors for development of viral disease in patients receiving alemtuzumab revealed that graft failure (point estimate, 6.882; 95% CI,1.452 to 32.627; P =. 015) and pre-alloHCT viremia (point estimate,19.7; 95% CI,1.443 to 268.991; P = .0254) were associated with higher risk of viral disease. Reduced-toxicity conditioning was associated lower risk of viral disease compared with myeloablative conditioning regimen (point estimate, .1; 95% CI, .017 to .7; P =.02).
Days of Hospitalization
As a marker of overall health care utilization, we examined the mean and median days of hospitalization from the day of alloHCT to day +180 ( Table 7 ). The average hospitalizations in patients with CMV risk versus none were 74.56 versus 59.02 days (P = .011), viremia versus without viremia were 77.19 versus 62.28 days (P = .024), and viral disease versus without viral disease were 90.17 versus 63.97 days (P = .002). Patients receiving alemtuzumab also had longer hospitalization by 15 days in comparison to who did not receive alemtuzumab, which approached but did not reach statistical significance (P = .058).
DISCUSSION
Ours is the second-largest study of viremia monitoring in children after alloHCT. In this study, we were able to identify 3 pretransplantation risk factors (pretransplantation viremia, CMV risk status, and use of alemtuzumab) that should guide centers in terms of management of viremia ahead of time. We were able to generate a model for PCR monitoring and elaborated on the impact of viremia on clinical outcomes including health care utilization.
A large study of 291 pediatric patients published by Hirwarker et al. had similar results to ours [8] . Their incidence of viremia was similar to our cohort: CMV, 16%; ADV, 15%; and EBV, 11%. However, the threshold for starting pre-emptive treatment was much higher in their study: CMV PCR ≥ 10,000 copies/mL, EBV PCR ≥ 40,000 copies/mL, and ADV PCR ≥ 10,000 copies/mL compared with CMV PCR ≥ 600 copies/mL, EBV PCR ≥ 1000 copies/mL, and ADV PCR ≥ 1000 copies/mL. In a smaller study of 40 children, Schonberger et al. reported the relatively higher incidence of EBV (48%) and CMV (28%). This could be related to use of ATG.
Similar to Hirwarker et al., we noted poor OS in patients who developed viremia and viral disease [8] . Establishing causality of viremia/viral diseases and mortality is challenging. In these patients, viral PCRs may become negative after treatment with antiviral medications. However, renal, hepatic, and bone marrow injury associated with viral infections and antiviral medications can cause long-term morbidities that eventually can impact survival. One other potential modality that may further improve the survival would be to limit exposure to antiviral medications. Monitoring in vivo generation of viral-specific T cells may allow us to more accurately tailor our treatment approaches and may potentially decrease the need for prolonged antivirals [26].
One of the major challenges we face is in identifying patients who might benefit from prophylactic interventions aimed at mitigating the risk of viremia or viral disease [8, 16, 27] . We identified that CMV risk status, incidence of pretransplantation viremia, and use of alemtuzumab during conditioning were significantly associated with an increased viremia risk. Recent trials have demonstrated that maribavir and brincidofovir are not efficacious in CMV prevention after alloHCT [28, 29] . Another potential strategy might be broad-spectrum antiviral cellular therapy. Viral cytotoxic T cells have also been studied as prophylactic and adjunctive treatment agents [30] [31] [32] . Perhaps patients with any of the 3 pretransplantation risk factors demonstrated in our study should have planned manufacturing of multivalent viral cytotoxic T cells, as this therapy may have the potential to reduce poor outcomes.
The majority of patients with pretransplantation viremia experienced a worse posttransplantation outcome, possibly due to the increased risk of development of post-alloHCT viral disease and/or its treatment and potentially also due to the poor prognosis of the primary disease. Hirsch et al. have recommended delaying transplantation in patients with CMV disease and, if possible, including secondary anti-CMV prophylaxis during transplantation [33] . Although these recommendations are aimed at addressing the risks associated with the development of post-transplantation viremia, the risks of delaying transplantation in patients with immunodeficiency, hemophagocytic disorders, and refractory malignancies must also be weighed. Patients analyzed for this study who had pretransplantation viremia were either refractory to antiviral therapies or were in critical condition at the time of transplantation and, therefore, were unable to have full resolution of viremia before proceeding to transplantation. Novel treatment strategies are critical for the management of these groups of patients.
Knowledge of health care utilization associated with viremia and viral disease is critical, as centers might be encouraged to invest more resources in novel strategies to reduce the incidence of viremia with the ultimate goal of improving outcomes. Our data reveals that days of hospitalization increases proportionally with CMV risk, viremia, and viral disease. A previous study has shown that pre-emptive screening and treatment for viruses is more costeffective than treating viral disease when routine monitoring is not implemented [34] . In recent years, use of donor-derived or third-party viral-specific cytotoxic T lymphocytes have proven effective and safe treatment for viral infections [31, 35] . The cost-benefit of viral PCR monitoring with pre-emptive antivirals versus the cost of treatment with prophylactic virusspecific cytotoxic T lymphocytes warrant further investigation. Using the results of this analysis (Table 2) , we aimed to develop an evidence-based algorithm for viral PCR monitoring (Figure 3 ). Before alloHCT, all donors and recipients should have CMV and EBV IgG serological testing performed. In recipient/donor negative patients, PCR should be performed as clinically indicated. All other patients should have PCR testing for CMV, EBV, and ADV once before alloHCT.
A plan for after alloHCT from day 0 to day 100 is as follows: those at risk for CMV/EBV based on serological testing should have weekly PCRs performed. All patients should have weekly ADV PCRs performed. After day 100, no further routine surveillance is indicated for patients who were negative in the first 100 days. Further PCRs can be done as clinically indicated. Patients with viremia during the first 100 days and/or those receiving anti-GVHD 
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Author Manuscript treatments should only have routine weekly surveillance done for the positive virus in the first 100 days. Other PCRs can be done as clinically indicated.
We have implemented the algorithm discussed above for viral PCR monitoring to decrease the amount of unnecessary testing performed. We anticipate a 50% drop in viral PCR testing.
Limitations of our study include minimal immune reconstitution data, a small number of patients, and a heterogeneous spectrum of diagnoses and conditioning regimens. Despite various limitations, we were able to glean information that is clinically impactful, especially pre-alloHCT risk factors associated with post-alloHCT viremia.
In summary, post-transplantation viremia is associated with reduced OS and increased hospitalization. Improved treatment strategies for patients with viremia, such as multivalent antiviral cytotoxic T lymphocytes, should be studied for efficacy and feasibility. Additionally, in patients with low risk of post-transplantation viremia, routine viral monitoring can be tailored to each patient's individual risk in an effort to reduce blood draws and decrease excess health care utilization. Algorithm for viral PCR monitoring in children after alloHCT. 
